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Introduction
As the precursors of female gametes, primordial germ cells (PGC) and oogonia are available in 12.5 days post-coitum (dpc) fetal mouse ovaries. A culture system that supports development of meiotically competent oocytes from premeiotic germ cells would provide an unlimited supply of oocytes for biomedical use and the study of oogenesis and folliculogenesis (Smitz and Cortvrindt, 2002) . In the past, invitro development of mouse oocytes from pre-meiotic germ cells has been attempted by means of in-vitro culture technology in several laboratories (Byskov and Hoyer, 1994; Chuma and Nakatsuji, 2001; Farini et al., 2005; Klinger and de Felici, 2002; McLaren and Southee, 1997; Niwa et al., 2004; Obata et al., 2002) . The capability of germ cells to enter into meiosis was evaluated with the detection of SCP3 expression. SCP3 is a meiosis-specific structural protein appearing at axial elements and lateral elements of the synaptonemal complex, and is expressed in the early stages of the meiotic prophase (Shen et al., 2006a,b) . However, oocytes generated by these methods are immature and only undertake the first meiosis in vitro. A method has previously been developed to induce pre-meiotic germ cells to differentiate and develop into mature oocytes by the combination of in-vivo transplantation and in-vitro culture (Qing et al., 2008; Shen et al., 2006b ). However, meiotically matured oocytes were difficult to obtain directly from the pre-meiotic fetal mouse germ cells in vitro, due to the fact that the fine regulation of mouse oogenesis derived from premeiotic fetal germ cells in vitro remains largely unclear (Dong et al., 2009) . Acevedo et al. demonstrated that oocytes contain a functional insulin signalling pathway and that insulin exposure during germinal vesicle-intact (GVI) oocyte growth results in chromatin remodelling aberrations (Acevedo et al., 2007) . These findings elucidated the mechanisms by which chronically elevated insulin influences oocyte meiosis, chromatin remodelling, and embryonic developmental competence. FSH supports overall follicular development and endocrine function by preventing follicular degeneration (Eppig et al., 2000) . Interaction of insulin with FSH promotes inappropriate differentiation of in-vitro cultured granulosa cells and differences in global protein expression compared with in-vivo derived granulosa cells (Eppig et al., 1997; Latham et al., 1999) . However, the mechanism(s) of how continuously elevated insulin, with or without FSH, ultimately reduces the developmental competence of early oocytes from primordial germ cells and oogonia remains unknown. Relatively higher glutathione (GSH) concentrations of oocytes were considered as a marker of cytoplasmic maturation (Kim et al., 2007) . GSH is a ubiquitous intracellular free thiol that participates in many biological processes including DNA and protein synthesis and chemical metabolism, and cellular protection during oxidative stress. Oocyte GSH appears to be important for maintaining the meiotic spindle, and synthesis of GSH during oocyte maturation has been reported in many species (de Matos et al., 1997) .
Several culture systems that are capable of supporting and maintaining follicle structure in vitro have been developed (Klinger and de Felici, 2002; Niwa et al., 2004) . The first spherical culture system was originally developed by Nayudu (Nayudu and Osborn, 1992) and modified by many other groups in an effort to optimize preservation of follicle integrity (Hartshorne et al., 1994; Spears et al., 1994; Wycherley et al., 2004) . A three-dimensional in-vitro follicle culture system developed by an alginate hydrogel matrix promotes folliculogenesis and oogenesis in vitro (Pangas et al., 2003; Xu et al., 2006) . However, the alginate culture system needs to be improved to support maximum follicle growth. The choice of culture system used should be dictated by the aims of the study. When the purpose is to use the somatic cell compartment as a 'feeder layer' for oocytes, a high yield can be obtained by allowing the follicles to remodel. When the aim is to determine physiological intrafollicular relationships, it is necessary to maintain the cultured units as multilayered spheres (Smitz and Cortvrindt, 2002) . In addition, when the culture is to be used to study ovulation, it is necessary to retain a normal follicular wall, that is, mural granulosa, basement membrane and theca cell layer (Rose et al., 1999) . These three-dimensional culture systems discussed above have been frequently used to culture mammalian follicles in vitro, but not to culture fetal ovary tissue. The objectives of the present study were to induce differentiation of functional germ cells from 12.5 dpc fetal mouse gonads into oocytes within an intact ovarian structure, to evaluate the effect of continuous insulin with/without FSH exposure during oogenesis on follicular development, oocyte growth and meiotic progression. Thus, a simple and efficient method should be developed to culture contact fetal mouse ovaries using a three-dimensional culture system with serum-free medium. Furthermore, the actual concentrations of insulin and FSH inside normal mouse ovarian tissue are 0.379 ng/ml and 0.1 mIU/ml, respectively (Sun et al., unpublished data) . In the present experimental design, the concentrations of insulin and FSH in the medium were 0.2-1.0 lg/ml (low doses) and 5-20 lg/ml (high doses), and 10-50 mIU/ml, respectively. Thus, it is believed that the effect of real concentration of insulin and FSH inside mouse ovarian tissue would not be obvious in these experiments.
Materials and methods

Isolation and culture of mouse fetal ovaries
All animal procedures were approved by the Institutional Animal Care and Use Committees of Qingdao Agricultural University. Fetal mouse ovaries of 12.5 dpc were obtained from pregnant CD-1 mice (Vital River, Beijing, China), as identified by the presence of a copulation plug (0.5 dpc).
Mouse fetal ovaries of 12.5 dpc without attached mesonephroses were selected and cultured overnight at 37°C with 5% CO 2 in 300 ll tissue-specific medium on 24-well plates (Shen et al., 2006a,b) . The next day, 300 ll of fresh medium was added into each well, and half of the total medium (300 ll) was replaced with fresh medium every other day. Following day 4, the depleted medium was replaced by 300 ll of fresh medium every other day. The day when isolated ovaries were placed in culture was marked as day 0. The basic medium for fetal ovarian culture consists of Dulbecco's modified Eagle's medium (DMEM)/F12 plus a-minimal essential medium (a-MEM) (1:1) (Gibco-BRL, Carlsbad, CA, USA) with 3% (w/v) BSA, 1 mg/ml of Fetuin (Sigma, St. Louis, MO, USA), 0.23 mmol/l pyruvic acid, 100 IU/ml of penicillin G, and 100 mg/ml of streptomycin sulphate (Gibco-BRL) (Shen et al., 2006a,b) .
Experimental design
The supplementation of culture media with insulin and/or FSH started from day 0. The medium for group I consisted of low doses of insulin at 0.2, 0.5 or 1.0 lg/ml (Sigma), respectively. Medium for group II consisted of high doses of insulin at 5, 10 or 20 lg/ml, respectively. Medium for group III consisted of 10, 20, 50 mIU/ml FSH (Sigma), respectively. Medium for group IV consisted of 0.5, 1, 2% insulin-transferrin-selenium mixes (ITS-mix; 1 mg/ml, 0.55 mg/ml and 5 ng/ml, respectively; Gibco-BRL). Medium for groups V and VI consisted of 20 mIU/ml FSH plus 5 lg/ml insulin or 1% ITS, respectively. Cells cultured in basic medium were used as control.
Follicular development was evaluated at days 10, 12 and 14 of culture (corresponding to days 3, 5 and 7 post-partum), since the transition from primordial follicle to primary and early secondary follicle was significant at those time points. In addition, comparing follicular development with in-vivo samples collected at those stages of development could have thrown more light on the regulation of development. Evaluation of germ cells entering into progression through meiotic prophase I was carried out at day 7 of culture (corresponding to day 0 post-partum). Furthermore, intracellular content of GSH and apoptosis of oocytes at 10 days of culture (day 3 post-partum) were analysed. Fifty-four mouse fetal ovaries were cultured in each treatment group, with 18 ovaries studied at 10, 12 and 14 days of culture, respectively. Altogether, 1944 mouse fetal ovaries were cultured in vitro. All experiments were repeated three times and values shown are the mean ± SEM.
Evaluation of germ cells entering into progression through meiotic prophase I
Female germ cells were isolated from 12.5, 13.5 and 14.5 dpc CD-1 mouse fetal gonadal ridges using the EDTApuncturing method (Dong et al., 2009; Shen et al., 2006b) . Oocytes were isolated from 12.5 dpc mouse ovaries cultured in vitro for 7 days. Germ cells and oocytes were harvested in PBS and dispersed on a four-well plate pre-coated with poly-L-lysine (Sigma). To evaluate whether these germ cells could enter into meiosis, cells were stained with an anti-synaptonemal complex protein (SCP3) antibody (Santa Cruz, CA, USA) as described (Chuma and Nakatsuji, 2001) . Briefly, cells were incubated overnight with the anti-SCP3 antibody (1:200) at 4°C after fixation. Tetramethylrhodamine B isothiocyanate-conjugated anti-rabbit immunoglobulin G (IgG) was used as a secondary antibody. The meiotic prophase stages were determined by characteriztic patterns of SCP3 immunostaining within the germ cells (Dong et al., 2009; Shen et al., 2006b ). The meiotic prophase stages were determined by characteriztic patterns of SCP-3 immunolabelling in squashed and spread cells as described by Farini et al. (2005) .
Histology and measurement of oocytes and follicles
The ovary tissues were fixed in Bouin's fluid for 24 h and embedded in paraffin. Serial sections of 5 lm were stained with haematoxylin and eosin (Sigma). Sections with the presence of follicles were identified, and the developmental stages were determined. To quantitatively evaluate the number of primordial, primary and secondary follicles, slides from each ovary were arranged in order and every fifth section was marked for analysis. Follicles containing an intact oocyte with a nucleolus and a single layer of fusiform granulosa cells were classified as primordial follicles. Follicles consisting of an intact oocyte with visible nucleolus and a single layer of cuboidal granulosa cells were termed as primary follicles. Follicles containing an intact oocyte with nucleolus and two layers of granulosa cells were scored as early secondary follicles. Follicles containing an intact oocyte with nucleolus and more than two layers of granulosa cells were scored as secondary follicles. To obtain an estimate of the total number of follicles per ovary, the total number of primordial, primary, and secondary follicles present in the marked section was multiplied by five to take into account every fifth section being used in the analysis.
Oocyte quality was determined by light microscopy (Nikon TE-2000, Japan). Normal oocytes were classified as those that were round in shape and had an intact nucleus. To quantify the number of oocytes, sections from each ovary were arranged in order and every five sections with a random start were marked. The number of oocytes present in each marked section was counted and the average number was calculated. The IP Lab Spectrum software of this system was set to measure the diameters of the oocytes exclusive of the zona pellucida (ZP). Average diameter was calculated using Image-Pro discovery software. At least 100 oocytes were measured in each treatment group.
Gene expression in cultured fetal mouse ovaries
Total RNA was isolated from 12.5 dpc fetal mouse ovaries (n = 5) at 10 days of culture. RNA (300 ng) was reverse transcribed into cDNA according to manufacturer's protocol (TaKaRa, Dalian, China). Gene expression studies were carried out in the ovaries collected from 3-day-old mice and compared with ovaries cultured for 10 days starting from 12.5 dpc. Quantification of ovary-specific genes at the mRNA level was conducted using an ABI 7500 real time PCR instrument (Applied Biosystems, Foster City, CA, USA). PCR primers were designed using the Primer Express software (Applied Biosystems) and their sequences are listed in Table 1 ( Rucker et al., 2000) . Amplification reactions were performed in 25 ll reaction volume containing 1 ll cDNA, 12.5 ll of 2· SYBR green master mix (TaKaRa, Dalian, China), 9.5 ll RNase-free water and 1 ll each of forward and reverse gene specific primers (5 lmol/l) according to manufacturer's protocol. Cycle amplification conditions were as follows: 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. All the data were normalized to the median. Mean ± SEM were calculated for the triplicate measurements, and the relative amount of target gene expression for each sample was plotted. All treatments were repeated three times and values shown are the mean ± SEM.
Assay for intracellular GSH
Intracellular content of GSH and the concentration of glutathione in oocytes were measured as described by Ge et al. (2008) . Oocytes were isolated from 12.5 dpc mouse ovaries cultured in vitro for 14 days, and washed three times in EmbryoMax FHM HEPES buffered medium (FHM) (Chemicon, MA, USA). A 5 ll aliquot of distilled water containing 50 oocytes was transferred to a 1.5-ml microfuge tube and 5 ll of 1.25 mol/l phosphoric acid were added to the tube. Samples were frozen at À80°C and thawed at room temperature. This procedure was repeated five times. The samples were stored at À80°C until analysed. Concentrations of GSH in the oocyte were determined by the 5,50 dithio-bis (2-nitrobenzoic acid) (DTNB)-oxidized GSH reductase-recycling assay according to manufacturer's protocol (Beyotime, Haimen, China). The absorbance at 405 nm was monitored continuously for 25 min with a spectrophotometer, with readings recorded every 5 min. GSH at 0.5, 1.0, 2.0, 5.0, 10.0 and 15.0 lmol/ l was used as standards and a sample lacking GSH was used as blank. The amount of GSH in each sample was divided by the number of oocytes to calculate the intracellular GSH concentration per oocyte. All treatments were repeated six times and values shown are the mean ± SEM.
Western blot analysis of oocytes
Proteins from cultured fetal mouse ovaries were collected and frozen at À20°C until use. The total proteins were separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis with a 4% stacking gel and a 10% separating gel for 20 min at 60 V and 3.5 h at 120 V, respectively. Samples were electrophoretically transferred onto nitrocellulose membranes. The membrane was then blocked at 4°C overnight in TBST buffer (20 mmol/l Tris, 137 mmol/l NaCl, 0.1% Tween-20, pH 7.4) containing 5% low-fat milk. To detect FSH receptor (FSHR) protein, blots were cut according to the 75-kDa molecular weight marker and were incubated for 2 h in TBST containing mouse anti-FSHR antibody (1:500) (Santa Cruz). After three washes in TBST of 10 min each, membrane was incubated at 37°C for 1 h with horseradish peroxidase (HRP)-conjugated rabbit anti-mouse IgG (1:1000). Expression of FSHR was visualized using an enhanced chemiluminescence (ECL) detection system (Beyotime, Haimen, China) (Fan et al., 2003; Su et al., 2003) . All treatments were repeated at least three times.
Statistical analysis
Fetal mouse ovarian oocyte and follicle diameter, and proportion of different stage follicles were analysed by analysis of variance (ANOVA), and differences were located with Tukey's test. Differences between treatment groups and controls were determined by chi-squared analysis. All analyses were performed with the Statistical Analysis System (SAS Institute, 1996, USA).
Results
Generating developed oocytes from pre-meiotic mouse fetal germ cells in vitro
To test whether germ cells harvested from 12.5 dpc murine ovaries were in a pre-meiotic phase, murine female germ cells were analysed at 12.5, 13.5 and 14.5 dpc with the anti-SCP3 antibody. SCP3 protein expression was detectable in female germ cells at 13.5 and 14.5 dpc but not in cells at 12.5 dpc ( Figure 1A and B), indicating that female germ cells of 12.5 dpc fetal ovaries were in the pre-meiotic stage.
As evident in Figure 2A , murine ovaries from the control group retained the spherical structure during the culture process. Follicular structure in the cultured ovaries In-vitro development of mouse oocytes derived from 12.5 days post-coitum (dpc) fetal ovaries was affected by insulin (experimental group II). The figure shows the developed ovarian oocytes derived from 12.5 dpc mouse ovaries cultured in vitro for 10, 12 and 14 days, respectively. Panels in row A show the developed ovaries in the control group for three culture stages. Panels in rows B-D show the developed ovaries in the experimental group cultured with 5, 10 and 20 lg/ml insulin, respectively. Arrows shown the oocytes. Bars = 100 lm. was not visible until 10 days post-culture as observed under a microscope. On day 14, structures of follicles could be easily detected. In groups I-VI, growing follicles were not easily visible within the adhered fetal mouse ovaries cultured in vitro for 12-14 days (Figures 2-6 ).
Regulation of number of follicles derived from mouse fetal gonads by insulin and FSH
To test whether the formation of primordial follicles derived from 12.5 dpc mouse gonads is regulated by insulin Figure 3 In-vitro development of mouse oocytes derived from 12.5 days post-coitum (dpc) fetal ovaries was affected by FSH (experimental group III). The figure shows the developed ovarian oocytes derived from 12.5 dpc mouse ovaries cultured in vitro for 10, 12 and 14 days, respectively. Rows A-C showed the developed ovaries in the experimental group supplied with 10, 20 and 50 mIU/ml FSH, respectively. Bars = 100 lm.
Figure 4
In-vitro development of mouse oocytes derived from 12.5 days post-coitum (dpc) fetal ovaries was affected by low doses of insulin (group I). The figure shows the developed ovarian oocytes derived from 12.5 dpc mouse ovaries cultured in vitro for 10, 12 and 14 days, respectively. Rows A-C showed the developed ovaries in the experimental group supplied with 0.2, 0.5 and 1 lg/ml insulin, respectively. Bars = 100 lm.
and FSH, number of follicles was analysed in fetal mouse ovaries cultured to day 10 in vitro, using histochemistry. As shown in Figure 7 , in group I with low dose insulin the formation of follicles derived from fetal mouse gonads cultured in vitro showed a trend towards reduction with increasing concentrations of insulin. The mean numbers of follicles in each tissue section were 27 ± 12.55, 25 ± 10.01 and 21 ± 7.84 for 0.2, 0.5 and 1 lg/ml, respectively. In group II with high dose insulin (5, 10 and 20 lg/ml), the mean numbers of follicles in each tissue section were 20 ± 6.67, 13 ± 2.6 and 10 ± 2.02, respectively. In group III with FSH (10, 20 and 50 mIU/ml), the mean numbers of follicles in each tissue section were 33.2 ± 11.22, 45.7 ± 19.95 and 56 ± 11.16, respectively. In group IV with ITS (0.5%, 1% and 2%), the mean numbers of follicles in each tissue section were 24.2 ± 7.87, 18.1 ± 4.21 and 15 ± 3.92, respectively. The detrimental effect of high doses (5-20 lg/ml) of insulin on the in-vitro development of mouse oocytes derived from pre-meiotic fetal germ cells was very obvious. The resultant reduction in the number of oocytes inside the cultured fetal mouse ovaries meant it was not possible to collect enough oocytes to use in this experiment. Furthermore, the effect of different concentrations of insulin from 5 to 20 lg/ml was not significant. The effect of different concentrations FSH from 20 to 50 mIU/ml was not significant for development. Thus, intermediate concentrations of insulin (5 lg/ ml) and FSH (20 mUI/ml) were selected for experimental groups V and VI. In groups V and VI with 20 mIU/ml FSH plus 5 lg/ml insulin or 1% ITS, the mean numbers of follicles in a tissue section were 14 ± 7.58 and 26 ± 2.82, respectively. As shown in Figure 7E , there were significant differences in the number of follicles within the fetal mouse ovaries cultured in vitro in all treated groups as compared with control (30 ± 15.56) (P < 0.05 or P < 0.01). Furthermore, FSH promoted follicular formation within the fetal mouse ovaries cultured in vitro for 10 days. However, insulin restrained its progression.
Developmental activation of follicles from mouse fetal gonads is regulated by insulin and FSH
To test whether developmental activation of follicles derived from 12.5 dpc mouse gonads is regulated by insulin and FSH, the proportions of different stage follicles (excluding primordial follicles) were analysed using histochemistry. As shown in Figure 8 , the proportions of primary follicles, early secondary follicles and secondary follicles in the Figure 5 In-vitro development of mouse oocytes derived from 12.5 days post-coitum (dpc) fetal ovaries was affected by insulin and FSH (experimental groups IV, V and VI). The figure shows the developed ovarian oocytes derived from 12.5 dpc mouse ovaries cultured in vitro for 10, 12 and 14 days, respectively. Rows A and B showed the developed ovaries in the experimental group supplied with 0.5 and 1% insulin-transferrin-selenium (ITS) mixes, respectively (group IV). Row C shows the developed ovaries in the experimental group supplied with 20 mIU/ml FSH and 5 lg/ml insulin (group V). Row D shows the developed ovaries in the experimental group supplied with 20 mIU/ml FSH and 1% ITS (group VI). Bars = 100 lm.
control group were 45.95, 51.35 and 2.7%, respectively, when fetal mouse gonads were cultured in vitro for 10 days. On day 12, proportions of early secondary follicles and secondary follicles were significantly increased (77.88% and 15.93%) compared with those of day 10 (P < 0.05). On day 14, the percentage of early secondary follicles and Figure 7 In-vitro development of mouse follicles derived from 12.5 days post-coitum (dpc) fetal ovaries was affected by insulin and FSH. Panels A-D show the histological appearance of sections of mouse ovaries cultured for 10, 12, 14 and 14 days under control conditions, respectively. The arrows in panels A-D indicate the primordial, primary, early secondary, and secondary follicles, respectively. Bars = 50 lm. Panel E shows the number of follicles in the 12.5 dpc fetal ovaries cultured in vitro for 10 days in different experimental groups and the control group. \ indicates a significant difference (P < 0.05) and \\ indicates a significant difference (P < 0.01) from the control group. ITS = insulin-transferrin-selenium.
Figure 6
The histological appearance of cultured mouse ovarian tissue derived from 12.5 days post-coitum fetuses was affected by insulin. Panels B-D show the histological appearance, after haematoxylin/eosin staining, of sections of the developed ovaries in the experimental group supplied with 5, 10 and 20 lg/ml insulin, respectively. secondary follicles were 43.96% and 50.55%, respectively, with no significant differences as compared with those on day 12. In groups I, II and IV with low and high doses of insulin and ITS, a similar trend was evident. Increasing the dose of insulin to 1.0 lg/ml resulted in a significant reduction in secondary follicle formation (0, 2.56 and 30.3%) compared with the control group (2.7, 15.93% and 50.55%) on days 10, 12 and 14, respectively (P < 0.05). Increasing the dose of ITS to 0.5%, 1% and 2% resulted in a significant reduction in secondary follicle formation (15.24%, 13.33% and 16.67%) compared with the control group (50.55%) on day 14, respectively (P < 0.05). In group II, 20 lg/ml insulin led to significant retardation in ovarian growth and induced ovarian degeneration (P < 0.05). The percentages of early secondary follicle were 10%, 33.33% and 52.17% on days 10, 12 and 14, respectively. Surprisingly, no secondary follicles were detected in the cultured ovaries treated with 20 lg/ml insulin before day 14. In the presence of FSH, the percentages of secondary follicles on day 12 of culture increased slightly, but the proportion of primary follicle reduced significantly (P < 0.05).
Growth of oocytes derived from mouse fetal gonads is regulated by insulin and FSH
To assess whether growth of oocytes derived from 12.5 dpc mouse ovarian germ cells is regulated by insulin and FSH, the diameter of oocytes were measured using histochemistry. As shown in Figure 9A , in group I treated with low dose insulin (0.2, 0.5 and 1.0 lg/ml), the growth of oocytes derived from fetal mouse gonads cultured in vitro was adversely affected. There were significant differences in the diameter of oocytes between treated (43.5 ± 2.6, 41.58 ± 4.3 and 42.75 ± 3.11 lm) and control groups (45.75 ± 2.75 lm) on day 14 (P < 0.05). In group II with high doses (5, 10 and 20 lg/ml) of insulin, the diameter of oocytes within mouse fetal ovaries cultured for 14 days were 38.45 ± 3.15, 37.25 ± 3.43 and 35.98 ± 2.69 lm, respectively. Significant differences in the diameter of the cultured oocytes on day 14 among group II and control group were observed (P < 0.01) ( Figure 9B ). As shown in Figure 9C , in group III with treated with FSH (10, 20 and 50 mIU/ml), the diameter of oocytes within the fetal mouse ovaries cultured for 14 days were 45.46 ± 3.16, 47.31 ± 2.84 and 43.85 ± 2.58 lm, respectively. There were significant differences in the diameter of the oocytes within mouse fetal ovaries cultured between group treated with 20 mIU/ml FSH and the control (P < 0.05). Furthermore, in group IV treated with ITS (0.5, 1 and 2%), the growth of oocytes derived from murine fetal gonads cultured in vitro was adversely affected and there were significant differences in the diameter of the oocytes among treated and control groups (P < 0.05) ( Figure 9D ). To decipher the relationship between insulin and FSH in regulating growth of oocytes when mouse fetal ovaries were treated with insulin and FSH, the diameters of oocytes in the treated and control groups were measured every other day starting from day 10. As shown in Figure 9E , in groups V and VI treated with 20 mIU/ml FSH plus 5 lg/ml insulin, or 1% ITS, the diameters of oocytes within the fetal mouse ovaries cultured for 14 days were 41.75 ± 3.24 and 40.59 ± 3.42 lm, respectively. Significant differences in the diameter of the oocytes within the fetal mouse ovaries cultured among the experimental groups treated with FSH plus insulin or ITS and control group (P < 0.05).
Molecular characterization of oocytes derived from fetal mouse gonads is regulated by insulin and FSH
Gap junction plays an important role during oogenesis and folliculogenesis. To assess whether the expression levels of gap junction genes are regulated by insulin and FSH, expression of Cx37 and Cx43 genes was further examined in ovaries cultured in different conditions by real time polymerase chain reaction (RT-PCR). The detrimental effect of insulin was first seen at 10 days of culture and it was presumed that the mRNA was expressed before the detrimental effect of insulin. Thus the time point of 10 days was selected. As shown in Figure 10A and B, the expression of Cx37 and Cx43 at the mRNA level could be detected in-vitro cultured ovaries. Furthermore, mRNA levels of Cx43 and Cx37 in ovaries cultured with insulin were significantly lower than that of controls (P < 0.05). In contrast, mRNA levels of Cx43 and Cx37 in ovaries cultured with FSH were significantly higher than that of controls (P < 0.01).
Expression of genes related to apoptosis, including Bax and Bcl-x, was further examined in ovaries cultured in different conditions by RT-PCR. As shown in Figure 10C , Figure 9 Diameter of oocytes from fetal mouse gonad cells cultured in vitro for 10, 12, 14 days. Panels A and B show the experimental groups with low doses and high doses of insulin (groups I and II). Panel C shows the experimental groups with 10, 20, 50 mIU/ml FSH (group III). Panel D shows the experimental group treated with 0.5%, 1% and 2% insulin-transferrin-selenium (ITS; group IV). Panel E shows the experimental groups with 20 mIU/ml FSH and 1% ITS or 5 lg/ml insulin (groups V and VI). Data are the mean ± SEM of three independent experiments in which the diameter of oocytes was measured by Image Pro-Plus discovery. Oocyte diameter for both the experimental and control groups increased throughout the culture period. \ Indicates a significant difference (P < 0.05) and \\ indicates a significant difference (P < 0.01) from the control group. expression of Bax in ovaries cultured with insulin was significantly lower than that of the control group (P < 0.01). However, expression of Bax in ovaries cultured with FSH was significantly higher than that of control group (P < 0.01). The mRNA level of Bcl-x cultured with insulin plus FSH, as shown in Figure 10D , was significantly higher than that of control group (P < 0.01).
In addition, expression of the meiosis-related gene, Scp3, in ovaries cultured with insulin or insulin plus FSH was significantly lower than that of control group (P < 0.01) (Figure 11A) . Furthermore, the meiotic prophase stages of oocytes in 12.5 dpc ovaries cultured in vitro for 5 days were determined by characteristic patterns of SCP-3 immunolabelling. No significant difference was observed between different treatment groups ( Figure 11B) .
To understand the differences of cytoplasmic maturation between oocytes developed in the presence and absence of insulin, GSH concentrations of oocytes were measured. As shown in Figure 11C , a total of five samples (50 oocytes per sample) from three replicates were assayed. No significant differences in terms of GSH concentration of the oocytes were observed among groups treated with insulin alone and controls. However, intracellular GSH concentration in oocytes cultured with FSH (9.03 ± 2.3 pmol/oocyte) or FSH plus insulin (4.3 ± 0.5 pmol/oocyte) was lower than those matured in vivo (16.44 ± 2.51 pmol/oocyte) (P < 0.01).
To understand the relationship between FSH and insulin during in-vitro development of mouse oocytes derived from 12.5 dpc fetal gonads, expression of FSHR was analysed by RT-PCR and Western blotting ( Figure 12A,B) . Results demonstrated that expression of FSHR at mRNA and protein concentration in FSH-treated 12.5 dpc mouse fetal ovaries was 2.21 and 19.71 times higher as compared with control ovaries developed in vitro, respectively. However, the mRNA and protein level of FSHR of these experimental groups treated with insulin were significantly lower than that of control group (both P < 0.05). These data showed that FSH promotes expression of FSHR during the development of oocytes derived from 12.5 dpc fetal mouse ovaries in vitro, insulin alleviates of effect FSH by down-regulating expression of FSHR.
Discussion
A good in-vitro ovary culture system that can mimic the conditions of the ovary is pivotal for the study of oogenesis and folliculogenesis and would provide an unlimited supply of oocytes for biomedical use. Mouse oogenesis has been studied by means of in-vitro culture technology over the past 20 years. Mouse primary oocytes in the primordial follicles of newborn mouse ovaries were able to enter the second meiosis and complete meiotic maturation in vitro (Eppig and O'Brien, 1996; O'Brien et al., 2003) . Mouse in-vitro oogenesis has also been studied by means of in-vitro culture in several laboratories recently (Farini et al., 2005; Klinger and de Felici, 2002; Niwa et al., 2004; Shen et al., 2006b Shen et al., , 2007 . However, in-vitro development of oocytes from fetal germ cells only underwent the first meiotic transition into Figure 10 Detection of gene expression of mouse ovaries derived from 12.5 days post-coitum (dpc) fetal gonads cultured in vitro. Panels A-D show quantification of Cx43, Cx37, Bax and Bcl-x mRNAs in 12.5 dpc fetal mouse ovaries cultured with different treatments of 20 mIU/ml FSH or 5 lg/ml insulin (Ins) in vitro for 14 days, respectively, and 3-day-old mouse ovaries developed in vitro as control. \ Indicates a significant difference (P < 0.05) and \\ indicates a significant difference (P < 0.01) from the control group. the leptotene stage, and then reached a state of suspension (Chuma and Nakatsuji, 2001; McLaren and Southee, 1997) . Earlier studies by De Felici's group showed that isolated PGCs recovered from 11.5 and 12.5 dpc gonads could not survive without the support of somatic cells (De Felici and McLaren, 1983; Pesce et al., 1993) . They underwent rapid apoptotic degeneration. An ovary culture method was established to obtain mature oocytes from 16.5 dpc fetal mouse ovaries during the development of mouse oocytes in vitro (Shen et al., 2006a (Shen et al., , 2007 . The primordial follicles could be formed and go on to develop in vitro using this method. In this study, it was demonstrated that the serum-free medium was able to sustain the fetal ovaries in their solid modality during culture in vitro. Thus, a simple and efficient method was established that can be used to obtain oocytes from fetal mouse 12.5 dpc pre-meiotic germ cells using a three-dimensional culture system in serum-free medium. Furthermore, the culture system was able to be used to test the hypothesis that insulin and FSH treatment of cultured fetal mouse ovaries effects oogenesis in vitro.
Gonadotrophins and various growth factors play an important role in the development and function of oocytes in vivo. It is important, therefore, to ask whether FSH and insulin could play any role, directly or indirectly in promoting oogenesis and folliculogenesis in vitro. FSH is not a specific factor that drives development and function of the Figure 11 Detection of maturation of mouse oocytes derived from 12.5 days post-coitum (dpc) fetal gonads in vitro. Panel A shows the quantification of Scp3 mRNA in 12.5 dpc fetal mouse ovaries cultured with different treatments of 20 mIU/ml FSH or 5 lg/ ml insulin (ins) in vitro for 14 days, respectively, and 3-day-old mouse ovaries developed in vitro as control. Panel B shows the ratio of different meiotic stage germ cells in fetal mouse ovaries cultured with different treatments of insulin or FSH in vitro for 5 days, respectively. Panel C shows the intracellular concentrations of reduced glutathione (GSH) in the oocytes of 12.5 dpc fetal mouse ovaries cultured in vitro for 14 days, with oocytes at the germinal vesicle stage as controls. \\ Indicates a significant difference (P < 0.01) from the control group. granulosa cell in a specific way that is beneficial to oocyte growth and acquisition of developmental competence. Rather, FSH may only play a role in sustaining these processes in oocytes by supporting overall follicular development and endocrine function and by preventing follicular degeneration (Eppig et al., 2000) . Mammalian oocyte or follicle growth in the presence of prolonged elevated concentrations of insulin has a negative impact on oocyte developmental competence, defined as the ability of oocytes to support embryonic development to the blastocyst stage and/or establish normal pregnancies (Eppig et al., 1998 (Eppig et al., , 2000 . Fetal hamster ovaries were cultured for up to 16 days in the presence of various doses of insulin to evaluate the induction of folliculogenesis in vitro, and the presence of higher doses of insulin retarded primary follicle formation (Yu and Roy, 1999) . Studies suggest that insulin acts as an endocrine factor to help coordinate primordial to primary follicle transition at the level of the oocyte by acting at the insulin receptor (Kezele et al., 2002) . From all the above, it showed that addition of FSH to medium containing insulin had a deleterious effect on the oocytes development. However, the mechanism by which prolonged elevated insulin, with or without FSH, ultimately reduces oogenesis and folliculogenesis remains unknown. Eppig's study indicates that insulin acts synergistically with FSH, to promote granulosa cell differentiation and function (Eppig et al., 1998) . It seems possible that this synergism might promote an inappropriate differentiation or function of oocyte-associated granulosa cells, which was deleterious to oocyte development. Interaction of insulin with FSH promotes inappropriate differentiation of in-vitro cultured granulosa cells and differences in global protein expression compared with in-vivo derived granulosa cells (Eppig et al., 1997; Latham et al., 1999) . In this study, mouse fetal ovaries of 12.5 dpc were cultured in vitro for 14 days in a serum-free medium supplemented with insulin and/or FSH. The results demonstrated that low (0.2-1 lg/ml) and high (5-20 lg/ml) doses of insulin retarded oogenesis in vitro, and facilitative effect of FSH on oocyte size and developmental competence. Furthermore, addition of insulin to medium containing FSH had a deleterious effect on the oogenesis in vitro. From all the above, it was shown that insulin had a profound detrimental effect on oocyte developmental competence. In group III with FSH, there were significant differences in the number of follicles within the fetal mouse ovaries cultured in vitro with 20-50 mIU/ml FSH as compared with control (P < 0.01). FSH may in fact be bad for preserving the primordial follicle pool, because FSH may play a role in promoting the abnormal transition from primordial to primary follicle.
FSH and insulin play reverse roles in the development and function of oocytes in vivo, and their relationship was worth analysing. In this study, it was demonstrated that the expression level of gap junction genes was regulated by insulin and FSH ( Figure 10A and B) , and the mRNA of Cx43 and Cx37 genes of ovaries cultured in vitro with insulin was significantly lower than that of control group (P < 0.05). However, the mRNA of Cx43 and Cx37 genes of ovaries cultured in vitro with FSH was significantly higher than that of control group (P < 0.01). Several factors may contribute to the expression of the Cx43 and Cx37 mRNA. Follicular structure in the cultured ovaries may be better preserved with FSH than without. In addition, a higher number of follicles developed after FSH exposure. The study further examined the expression of the apoptosis relative genes, and found that the mRNA of Bax gene of ovaries cultured in vitro with insulin was significantly lower than that of control group (P < 0.01). However, the mRNA of Bax gene of ovaries cultured in vitro with FSH was significantly higher than that of control group (P < 0.01). These results demonstrated that insulin could resist the formation of gap junction and promoted ovarian cell apoptosis, but FSH promoted the process of the formation of gap junction and resisted the apoptosis of follicular cells during oogenesis in vitro, because the gap junction is the important bridge between the oocyte and its surrounding granulosa cells. Commencing with follicle formation and continuing throughout folliculogenesis, complex bidirectional communication between each oocyte and its surrounding somatic cells is essential for the coordinated development of both germ cell and somatic cell compartments (Matzuk et al., 2002) . To analyse the relationship between FSH and insulin during oogenesis in vitro, expression of the FSHR was analysed by real time RT-PCR and Western blotting (Figure 12) . The result demonstrated that mRNA and protein level of FSHR in the FSH treatment of 12.5 dpc fetal mouse ovaries cultured in vitro was 2.21 and 19.71 times as compared with control ovaries developed in vitro, respectively. These data show that FSH could promote the expression of the FSHR during oogenesis in vitro, but insulin could down-regulate the effect of FSH by effecting the expression of FSHR.
Several studies demonstrated that insulin receptor signalling also regulates female reproductive function by acting in the ovary (Acevedo et al., 2007; Lee et al., 2005; Monget and Bondy, 2000; Thomas et al., 2003) . The rate of development to metaphase I (MI) was similar to oocytes obtained from insulin-treated follicles and controls, whereas the incidence of abnormal MI chromatin condensation was significantly higher in oocytes obtained from follicles cultured with insulin than those cultured without insulin. These results demonstrate that chronic elevated insulin influences oocyte meiosis and chromatin remodelling during oocyte growth (Acevedo et al., 2007) . The expression of the meiosis-related gene Scp3 was examined in ovaries cultured with different treatments by real time RT-PCR, and demonstrated that the mRNA of Scp3 gene of ovaries cultured in vitro with insulin or insulin plus FSH was significantly lower than that of control group (P < 0.01). The meiotic prophase stages of oocytes in 12.5 dpc ovaries cultured in vitro for 5 days were determined by characteristics patterns of SCP-3 immunolabelling; however, no significant difference was found in the different treatments ( Figure 11B) .
In summary, in this study, a simple and efficient method was developed to induce differentiation of functional germ cells from 12.5 dpc fetal mouse gonads into oocytes using a three-dimensional culture system with serum-free medium. The results of the present study furnish evidence that early onset of follicle formation and follicular activation can occur in vitro from undifferentiated somatic cells and oocytes in fetal mouse ovary organ culture, and the usefulness of this model for study of the mechanisms of oogenesis and folliculogenesis. The results showed that FSH promotes the early development of fetal mouse oocytes in ovaries in vitro, but does not affect early development of follicles before secondary follicles according to a mechanism previously described (Byskov et al., 1997; Demeestere et al., 2005) . Deleterious effects of dose-dependent insulin on oogenesis and follicle formation were analysed for the first time, in terms of the diameter of oocytes and the ratio of different stage follicles during oogenesis and folliculogenesis from 12.5 dpc fetal mouse gonads in vitro. Future studies will focus on potential targets of insulin and on regulatory mechanisms of early oogenesis and folliculogenesis.
